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Basal cell carcinoma (BCC) is the most common skin
malignancy encountered worldwide. We hypothe-
sized that CXC chemokines, small cytokines involved
in inducing directed leukocyte chemotaxis, could
play a key role in the modulation of BCC growth. In
this study, quantitative RT-PCR revealed that the che-
mokines CXCL9 , 10 , 11 , and their receptor CXCR3
were significantly upregulated by an average 22.6-
fold, 9.2-fold, 26.6-fold, and 4.9-fold, respectively in
BCC tissue samples as compared with nonlesional
skin epithelium. Immunohistochemistry analysis re-
vealed that CXCR3, CXCL10, and CXCL11, but not
CXCL9, colocalized with cytokeratin 17 (K17) in BCC
keratinocytes. In addition, CXCR3 and its ligands
were expressed in cells of the surrounding BCC
stroma. The chemokines and K17 were also ex-
pressed in cultured human immortalized HaCaT ker-
atinocytes. Exposure of HaCaT cells or primary BCC-
derived cells to CXCL11 peptides in vitro significantly
increased cell proliferation. In primary BCC-derived
cell cultures, addition of CXCL11 progressively se-
lected for K17�/CXCR3� co-expressing cells over
time. The expression of CXCR3 and its ligands in
human BCC keratinocytes, the enhancement of kera-
tinocyte cell proliferation by CXCL11, and the homo-
geneity of K17� BCC cells in human BCC-isolated cell
population supported by CXCR3/CXCL11 signaling all
suggest that CXCR3 and its ligands may be important
autocrine and/or paracrine signaling mediators in the
tumorigenesis of BCC. (Am J Pathol 2010, 176:2435–2446;
DOI: 10.2353/ajpath.2010.081059)

Basal cell carcinoma (BCC), a type of nonmelanoma skin
cancer, is the most prevalent neoplasm found in the

population.1–3 Approximately one-third of the United
States population developed nonmelanoma skin cancer
from 1994 to 2002, and 83% of these patients presented
with BCC.1–3 The BCC frequency in regional populations
is increasing at a rate of 2% to 19% per year, with an
annual rate increase of 4% in Canada.4–6 There are approx-
imately 800,000 new cases of BCCs diagnosed in the
United States and 70,000 in Canada each year.7 The age-
adjusted incidence per 100,000 individuals is in the region
of 100 to 2000 for men and 80 to 1500 for women, depend-
ing on the geographical location and specific genetic back-
ground of the individuals studied.8–12 The rising rate of BCC
incidence is likely attributable to a combination of improved
diagnosis and reporting, increased longevity, increased
sun exposure, changes in clothing style, and increased UV
radiation intensity due to ozone depletion.13,14

BCC tumors are composed of proliferating keratino-
cytes that derive from the basal layers of the epidermis
and/or hair follicle bulge.15,16 There are several BCC
subtypes, of which the most common one is nodular,
followed by superficial, and morpheiform/infiltrating
BCCs.17,18 Although BCCs rarely metastasize (rate of
metastasis ranges from 0.003% to 0.55%) and cause
death, they can result in significant patient morbidity.2,17

Because this cancer typically affects sun-exposed skin of
the head and neck, cosmetic disfigurement is common.
BCCs can behave aggressively with deep invasion, re-
currence, and resistance to standard treatment. The
presence of BCC is also associated with increased risk of
developing other BCCs or skin cancers, such as malig-
nant melanoma and squamous cell carcinoma.2,17

The fundamental initiation of BCC development is typ-
ically due to mutation of genes in the sonic hedgehog
(Shh) signaling pathway.19–21 Mutation of the Shh path-
way associated genes, SHH, PTCH, SMO, GLI1, or GLI2,
can promote BCC tumorigenesis.21–26 Such genomic al-
teration has been found in �70% of BCC cases stud-
ied.19–21 SHH is a morphogene, and it is essential for the
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development of various organs including the skin and
hair follicles.19,22 Shh plays a key role in regulating stem
cell populations,22 and mutations in genes of this signal-
ing pathway can result in inhibition of epithelial cell cycle
arrest, neoplasia, and perturbation of other associated
cell-cycle events.22,26,27

In addition to genetic defects, depletion of host im-
mune responses and the development of a more permis-
sive tissue environment may act as pivotal forces for BCC
progression and transformation.2,28 Distinct epithelial-
stromal-inflammatory patterns have been identified and
correlated with specific BCC subtypes and tumor pro-
gression.28 However, the mechanisms that underlie these
BCC tumorigenesis-enabling events are still not known,
and the molecular profile of the immune response during
BCC development has not been fully established.

The CXC chemokines, CXCL9, 10, and 11 are IFN�–
induced small secretory proteins that are synthesized
and released by leukocytes, as well as epithelial, endo-
thelial, and stromal cells.29 They interact with the hepta-
helical G protein complex receptor CXCR3 and exert
signaling effects in a paracrine or autocrine fashion.30,31

They have been well established as chemoattractive for
activated CXCR3� T cells.29 Recently, increased expres-
sion of these chemokines, together with their receptor
CXCR3, have been found to be associated with ad-
vanced-stage tumors, such as malignant melanoma,
ovarian carcinoma, and B-cell lymphoma.32–34 In addition,
previous literature has demonstrated that IFN�-induced
production of CXCL9, 10, and 11 in human neonatal
foreskin keratinocytes is enhanced during inflammatory
dermatoses such as psoriasis.35–37 However, little is
known about the roles and mechanisms played by these
CXCR3 ligands in the immunoregulation of other skin
diseases and cancers.

Previously, our laboratory conducted a detailed mi-
croarray-based analysis of genes in superficial, nodular,
and morpheiform BCC tissues to detect specific gene
sets with significant differential expression as compared
with normal skin.38 With further examination of gene on-
tology data from this study (Gene Expression Omnibus
database series record GSE6520), we subsequently
identified 27 immunoregulatory genes with significant dif-
ferential expression in BCCs including several CXC che-
mokines and their receptors (unpublished data). We hy-
pothesized that the upregulation of CXCR3 and its
ligands could be a key BCC growth promotion event. In
this study, we investigated the potential impact of CXCR3/
ligand signaling on BCC development. Our findings sug-
gest that the chemokines CXCL9, 10, and 11 are potent
signaling mediators via CXCR3 for BCC keratinocyte pro-
liferation, and may be significantly involved in the regu-
lation of BCC tumor development.

Materials and Methods

Tissues

BCC tumors and nonlesional skin samples were provided
by the Moh’s Surgery Clinic, Department of Dermatology

and Skin Science, the University of British Columbia.
Tissue collection was approved by the University Clinical
Research Ethics Board and according to the Declaration
of Helsinki Principles. Specific patient consent was not
required as tissues excised during surgery are consid-
ered as discarded materials according to Canadian law.
In total, 31 human BCC tumor samples from 18 male
(mean age 63.6 � 16.2 years) and 13 female patients
(mean age 62.2 � 11.7 years) were used along with 13
nonlesional skin epithelium tissues excised from 6 male
(mean age 53.7 � 4.8 years) and 7 female patients
(mean age 66.5 � 15.6 years).

HaCaT Cell Culture

For initial studies, human immortalized HaCaT keratino-
cyte cells were maintained at 37°C in a humidified incu-
bator with 5% CO2. They were propagated in Dulbecco’s
Modified Eagle’s Medium (DMEM; Fisher Scientific, Ot-
tawa, Ontario) with 5% fetal bovine serum (Fisher), 100
U/ml penicillin (Invitrogen, Burlington, Ontario), and 100
�g/ml streptomycin (Invitrogen). When the cells reached
80% confluence, they were transferred to 24-well plates
for experimental assays.

Human BCC Cell Isolation and Culture

Human nodular BCC tissues from three patients were
washed in Ca2� and Mg2�-free Dulbecco’s phosphate-
buffered saline (DPBS), cut into 2 mm3 pieces, and incu-
bated with 25.0 caseinolytic units/ml dispase (Invitrogen)
containing 1% antibiotic-antimycotic solution (Invitrogen)
at 4°C overnight. Tissues were further incubated with
0.05% trypsin-EDTA at 37°C for 15 minutes, and a single
cell suspension was obtained using a 40-�m cell strainer.
The trypsin activity was stopped by adding an equal
volume of 10 mg/ml soybean trypsin inhibitor (Invitrogen).
After centrifugation and cell resuspension, the cells were
seeded in flasks or multiwell-plates coated with collagen
I (Invitrogen). Complete growth medium was prepared by
mixing base medium M154 with the Human Keratinocyte
Growth Supplement, 0.08 mmol/L CaCl2, 100 units Peni-
cillin, 100 �g Streptomycin, and 0.25 �g/ml Amphotericin
B (all Invitrogen).

CXCL11 Peptide Treatment

HaCaT cells were seeded at 4 � 104 cells in 24-well
plates to which CXCL11 peptide was added (Cat. No.
300-46; Peprotech Inc., Rocky Hill, NJ) at 1 nmol/L, 5
nmol/L, 10 nmol/L or 20 nmol/L dissolved in phosphate-
buffered saline (PBS) in triplicate wells. As a control, the
same amount of PBS alone was added to the cell cul-
tures. A minimum of 8 � 104 human BCC cells from each
tissue sample were aliquoted for cytospin preparations
on day 0 as controls for immunohistochemistry; the re-
mainder were plated in 24-well plates (�2.9 � 104 cells
per well). The seeded cells were treated with 0, 5, 10, or
20 nmol/L of CXCL11 peptide. All cell cultures were in-
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cubated at 37°C with 5% CO2. Cell populations from
each tissue sample were investigated separately.

Cell Proliferation Evaluation

Cell samples from each tissue sample exposed to each
CXCL11 concentration were counted from three wells for
each time-point, with evaluation repeated three times.
Cell numbers were calculated as mean values � SE of
three independent experiments. Differences in cell num-
bers between the untreated and treated HaCaT cells
were analyzed by Student t test, and a P value �0.05 was
considered as statistically significant. Cell growth rate of
BCC cells was calculated by dividing the number of
treated cells at each time point by the cell number orig-
inally seeded on day 0. Values higher than 1 indicated a
cell population increase, whereas a value between 0 and
1 indicated a reduction of cell numbers. The BCC cell
growth rates of all of the treatment set-ups were com-
pared with each other, and the statistical significance
was analyzed by analysis of variance with a P value of 0.05.

Total RNA Isolation and cDNA Synthesis

For gene expression analysis, seven nodular, five su-
perficial, and five morpheiform BCCs were excised and
preserved in a RNA stabilization reagent (Qiagen, Mis-
sissauga, Ontario) and storage at �80°C before use.
Samples were removed from the stabilization reagent,
and homogenized using a QIAshredder kit (Qiagen)
according to the manufacturer’s instructions for total
RNA isolation. Total RNA of the lysates was isolated
using the RNeasy Mini Kit (Qiagen) according to the
manufacturer’s instructions. DNase digestion was con-
ducted using RNase-Free DNase Set (Qiagen) after the
first buffer washing step of the RNA-bound RNeasy mem-
brane. Total RNA was subsequently eluted in a volume of
25 �l RNase-free water.

The synthesis of cDNA was performed using the
SuperScript First Strand Synthesis System for RT-PCR kit
(Invitrogen). Briefly, 500 ng of each RNA sample was
reverse transcribed in the presence of 50 ng/�L random
hexamers, 10 mmol/L dNTP mix, 10� RT buffer, 25
mmol/L MgCl2, 0.1M DTT, and RNaseOUT recombinant
ribonuclease inhibitor. The synthesis of cDNA reactions
was catalyzed by SuperScript II reverse transcriptase at
42°C for 50 minutes, and was terminated at 70°C for 15
minutes. Any remaining RNAs were removed by incubat-
ing samples with RNase H at 37°C for 20 minutes. Reac-
tions were programmed and performed in a Mastercycler
Gradient (Eppendorf, Mississauga, Ontario).

Quantitative RT-PCR

Quantitative RT-PCR (qPCR) was performed using an MJ
Research DNA Engine Opticon real-time cycler (Bio-Rad
Laboratories, Mississauga, Ontario) using the QuantiTect
SYBR Green RT-PCR kit (Qiagen). All reactions were
performed in duplicate. The sequences of synthesized
primers (Invitrogen) were obtained by using the online

software Primer3 at http://frodo.wi.mit.edu/cgi-bin/primer3_
www.cgi,38 and their specificities were determined by the
online Blast program from the National Center for Biotech-
nology Information website (http://www.ncbi.nlm.nih.gov/
blast/Blast.cgi) and compared with the GenBank database.
The forward (f) and reverse (r) primer sequences for each
gene are as follows: CXCL11 f primer 5�-AGAGGACGCT-
GTCTTTGCAT-3�, r primer 5�- TGGGATTTAGGCATCGT-
TGT; XCL1 f primer 5�-GACTGCCGGTTAGCAGAATC-3�, r
primer 5�-GTTGGCTTGGTCTGGATCAT-3�; CXCL9 f primer
5�-TTTTCCTCTTGGGCATCATC-3�, r primer 5�-GAACAGC-
GACCCTTTCTCAC-3�; CXCL10 f primer 5�-CCAATTTT-
GTCCACGTGTTG-3�, r primer 5�-TTCTTGATGGCCTTCG-
ATTC-3�; CXCL14 f primer 5�-AAGCTGGAAATGAA-
GCCAAA-3�, r primer 5�-GGCGTTGTACCACTTGATGA-3�;
CXCL4 f primer 5�-GCTGTTCCTGGGGTTGCT-3�, r primer
5�-CCAAAAGTTTCTTAATTATTTTCTTGT-3�; CXCL16 f
primer 5�-TACACGAGGTTCCAGCTCCT-3�, r primer
5�-CACAATCCCCGAGTAAGCAT-3�; CXCL12 f primer
5�-AGAGCCAACGTCAAGCATCT-3�, r primer 5�-CTTTAG-
CTTCGGGTCAATGC-3�; CXCL5 f primer 5�-TCTGCAAGT-
GTTCGCCATAG-3�, r primer 5�-TTGTTTCCACCGTCCAA-
AAT-3�; XCR1 f primer 5�-AGCTGGGGTCCCTACAACTT-3�, r
primer 5�-GACCCCCACGAAGACATAGA-3�; CXCR6 f
primer 5�-CAGATGCCCTTCAACCTCAT-3�, r primer 5�-GG-
CTGACAAAGGCATAGAGC-3�; CXCR4 f primer 5�-GGTG-
GTCTATGTTGGCGTCT-3�, r primer 5�-CTCACTGACGTT-
GGCAAAGA-3�; CXCR3 f primer 5�-GTGGACATCCTCAT-
GGACCT-3�, r primer 5�-CGGAACTTGACCCCTACAAA-3�;
CXCR3-A f primer 5�-TGGTCCTTGAGGTGAGTGAC-3�, r
primer 5�-AAGAGGAGGCTGTAGAGGGC-3�; CXCR3-B f
primer 5�-AAGTACGGCCCTGGAAGACT-3�, r primer
5�-GGCGTCATTTAGCACTTGGT-3�; CXCR3-alt f primer 5�-
TACAACTTCCCACAGGGGTC-3�, r primer 5�-CTCACA-
AGCCCGAGTAGGAG-3�; IL8R� f primer 5�-ACTTTTC-
CGAAGGACCGTCT-3�, r primer 5�-GTAACAGCATCCGC-
CAGTTT-3�; IL8 f primer 5�-GTGCAGTTTTGCCAAGGAGT-
3�, r primer 5�-AAATTTGGGGTGGAAAGGTT-3�.

The relative quantization of each targeted gene was
normalized to the 18S expression level in the samples
and was determined by the comparative CT method.
Gene expression levels are presented in terms of fold
change using the formula 2���Ct. Each tissue sample
was examined separately and analyses conducted in
duplicate. Data are presented as the mean of individual
samples within each tissue group. Statistical analysis was
done by Student t test with a P value �0.05 considered
as significant.

Immunohistochemistry

For immunohistochemistry (IHC), 11 BCC tumor and 6
nonlesional skin samples were embedded in Optimal
Cutting Temperature (OCT) compound (Sakura, Tor-
rance, CA), frozen in liquid nitrogen, and stored at �80°C
before use. Frozen samples were processed by cryostat
sectioning, air drying, and fixation in acetone at 4°C.
Single color labeling for CXCL9, 10, 11, or CXCR3 was
performed using the ABC System (Vector Laboratories,
Burlington, Ontario). Dual labeling was similarly conducted
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for a specific BCC keratinocyte marker, cytokeratin 17 (K17)
together with the CXCL9, 10, 11, or CXCR3 primary
antibodies.

In brief, after washing the sections in PBS, endoge-
nous peroxidase activities in the tissue samples were
inhibited by incubating them in PBS with 0.3% H2O2 and
0.3% normal serum. The sections were treated with protein
block serum-free solution (Dako, Mississauga, Ontario),
followed by avidin/biotin blocking (Vector) and further
treated with diluted normal blocking serum (Vector). Pre-
liminary titration experiments indicated optimal dilutions
for primary antibodies (data not shown). Monoclonal
mouse anti-human K17 (Cat. no. sc-58726) (Santa Cruz
Biotechnology, Santa Cruz, CA) was diluted 1:200 in
DakoCytomation Antibody Diluent (Dako) with 5% nor-
mal serum, and was applied to the sections overnight
at 4°C. After washes in Tris-buffered saline (TBS), the
slides were exposed to diluted biotinylated secondary
antibody (Vector) with 5% normal serum at room tem-
perature. Subsequently, the labeling was revealed by
peroxidase-based reaction using the Vectastain Elite
ABC reagent and Vector NovaRed substrate solution
(Vector).

For double labeling procedures, the sections were
further rinsed in TBS and treated with protein block se-
rum-free solution, avidin/biotin blocking reagent, as well
as normal blocking serum again. The second primary
antibodies were prepared in the antibody diluent (Dako)
with 5% normal serum as follows; monoclonal mouse
anti-human CXCL9 (Cat. no. MAB392; R&D Systems Inc.,
Minneapolis, MN) diluted 1:33, polyclonal goat anti-human
CXCL10 (Cat. no. AF-266-NA; R&D Systems) diluted 1:200,
CXCL11 (Cat. no. sc-34784; Santa Cruz) diluted 1:75,
and CXCR3 (Cat. no. sc-9900; Santa Cruz) diluted 1:20.
These primary antibodies were incubated with the sec-
tions overnight at 4°C, followed by treatment of diluted
biotinylated secondary body with 5% normal serum at
room temperature. The signals were detected by the al-
kaline phosphatase–based reaction of Vectastain ABC-AP
reagent and Vector Blue substrate solution (Vector). Finally,
the slides were dehydrated and mounted in Permount
(Fisher).

For IHC analysis of cell cultures (both BCC cells and
HaCaT cells), a sterilized glass coverslip was placed in
each well, which was seeded with a minimum of 4 � 105

cells. In addition, BCC cells were used for cytospin prep-
arations, in which 8 � 104 cells in 150 �l culture media
were added in glass slide-loaded concentrator cuvettes
and were centrifuged at 48.5 � g for 4 minutes. The cells
were fixed with 4% v/v paraformaldehyde (Cedarlane
Laboratories, Hornby, Ontario) in PBS and were perme-
abilized by 0.1% v/v triton X-100 (Cedarlane) in TBS.
Subsequent IHC procedures were performed as per the
double labeling protocol above.

Immunohistochemistry Analysis

Ten randomly selected areas of BCCs in dual IHC la-
beled tissue sections, which coexpressed the chemo-
kines (labeled blue) and K17 (labeled red), were evalu-

ated for the chemokines’ label intensity using a protocol
modified from previous publications.39–41 Each area had
an average size of 131.57 �m2 containing approximately
two cells. Optical color density in BCC keratinocytes was
calculated and compared with equivalent regions of cells
in the BCC-adjacent stroma within the same images. The
immuno-label color of the chemokine antibodies was iso-
lated from other colors in the images using Adobe Pho-
toshop CS2 software (Adobe Systems, Etobicoke, On-
tario). The immuno-labeling intensities in positive cells
were then quantified using the software Scion Image
(Scion, Frederick, MD). The analysis was done by con-
verting the label color intensity of the images to gray
scale (256 levels). The average label intensity for each
antibody was calculated as mean pixel optical density
(i.e., the sum of gray values of all pixels within a selected
area divided by the number of pixels).

For cytospin cell culture preparations, the numbers of
cells labeled as K17�/CXCR3�, K17�/CXCR3�, and
K17�/CXCR3� were counted in six random fields of view
for each IHC dual label slide for each BCC cell culture.
The percentage of cells with each expression presenta-
tion in the total cell population observed was calculated.
Statistical significance was evaluated by analysis of
variance.

Results

mRNAs for CXCR3/Ligands Are Upregulated in
BCCs

The expression levels of mRNA for 18 chemokine genes
and their receptors in nodular, superficial, and mor-
pheiform BCC tumors were analyzed by qPCR (Figure 1;
Table 1). The expression levels for these chemokines in
BCCs were compared with those in nonlesional skin ep-
ithelium samples. The analysis provides an overall indi-
cation of mRNA expression present in both keratinocytes
and inflammatory cells in the tissue samples. Twelve of

Figure 1. Real-time RT-PCR analysis of the chemokine expression levels in
BCCs as compared with nonlesional skin epithelium. BCC tumors (seven
nodular BCCs, five superficial BCCs, and five morpheiform BCCs) were
studied. The gene expression levels in each BCC subtype were analyzed
separately and were calculated in terms of fold change by using the 2���Ct

equation. The average fold change values of the tissue samples in each of the
three BCC subtypes are presented. Error bars represent the range factor
difference (2���Ct��Ct SD and 2���Ct��Ct SD). Statistical significance was
calculated by Student t test; *P � 0.05.

2438 Lo et al
AJP May 2010, Vol. 176, No. 5



the 18 mRNAs exhibited significant differential expres-
sion (P value �0.05) in BCCs as compared with the
controls. CXCL11, CXCL10, and CXCL9 were the 3 most
upregulated genes in the tumor samples, and were in-
creased by an average 26.6-fold, 9.2-fold, and 22.6-fold
respectively. Their common receptor, CXCR3, was in-
creased (4.9-fold) in the BCCs with statistical signifi-
cance. Separate examination of specific CXCR3 isotypes
CXCR3-A, CXCR3-B, and CXCR3-alternative (CXCR3-alt)
revealed all types to be significantly upregulated in BCCs
(4.3-fold, 8.0-fold, and 3.2-fold average, respectively).

Examination of differences in mRNA expression fold
change associated with BCC subtypes revealed that all
nodular, superficial, and morpheiform BCCs showed a uni-
form significant increase of the 12 upregulated genes
(Table 1). In comparison with superficial and mor-
pheiform BCCs, nodular BCCs exhibited the greatest
levels of differential gene expression for CXCL11 at
35.46-fold, CXCL9 at 36.22-fold, and CXCL10 at 16.67-
fold mean increase above control tissue levels. For the
chemokines identified as down-regulated, there was a
less consistent gene expression pattern associated with
BCC subtypes (Table 1). However, statistically significant
reductions in expression in some BCC subtypes were
observed for CXCR4, CXCL4, and CXCL12.

CXCR3/Ligands Colocalize with K17 in BCC
Tissues

IHC serial staining of CXCL9, 10, 11, and CXCR3 indi-
cated that these chemokines were more prevalent with
wider distribution in nodular BCC tissue samples than in
corresponding control skin tissues when processed in
parallel (Figure 2, A–H). CXCL10, 11, and CXCR3 were
mainly localized in the tumor masses, though some ex-
pression was detected in the surrounding stroma (Fig-

ures 2, C, E, and G). However, CXCL9 was largely not
expressed specifically in the BCC tumor nests; its im-
muno-labeling was mainly distributed in the inflammatory
infiltrate of the adjacent stromal region (Figure 2A).

Double labeling of K17 and the chemokines using
various BCC subtypes was subsequently performed
(Figure 3). It has been shown that K17 is expressed in
BCC subtypes, including nodular, superficial, and mor-
pheiform BCCs,42–46 and it has been used as a histolog-
ical diagnostic BCC marker.42 The co-expression pat-
terns of the antibodies were consistent among the BCC
subtypes. The IHC labeling revealed that K17 expression
was positive in BCC keratinocytes and negative in non-
follicular normal epithelium. K17 expression was local-
ized close to the perimeter of the BCC cells consistent
with a structural protein (Figure 3).

While CXCL9 was expressed by inflammatory cells in
the interstitial area and stroma, CXCL9 was not ex-
pressed by K17� BCC keratinocytes (Figure 3, A and E).
In contrast, CXCL10 was positive in most K17� BCC
keratinocytes, and localized in the cell cytoplasm (Figure
3, B and F). Image analysis of label intensity demon-
strated that K17� BCC cells expressed a significantly
higher level of CXCL10 than inflammatory cells (Figure 4).
CXCL11 was present throughout the tissue sections with
K17� BCC cells exhibiting higher expression intensity
than the inflammatory cells (Figures 3C and 4). CXCL11
was predominantly localized in cytoplasm of the keratin-
ocytes, but some expression was detected in interstitial
regions between the BCC cells and the stroma (Figure 3,
C and G). CXCR3 was also labeled at a significantly
higher intensity in K17� BCC cells than in the inflamma-
tory infiltrate (Figures 3D and 4). Unlike its chemokine
ligands, CXCR3 was not only present throughout the
whole cell, but was also detected at the BCC cell surface
(Figure 3, D and H).

Table 1. Expression Levels of Chemokines and Their Receptors in Nodular, Superficial, and Morpheiform BCCs

All BCC Nodular Superficial Morpheiform

Gene Fold change† Range‡ Fold change† Range‡ Fold change† Range‡ Fold change† Range‡

Upregulation in
mRNA expression

CXCL11 26.6* �6.5 35.5* �14.7 32.1* �11.8 15.4* �4.2
CXCL9 22.6* �6.9 36.2* �17.1 16.5* �8.2 17.5* �5.9
CXCL10 9.2* �2.9 16.7* �7.7 9.9* �5.2 3.9* �1.4
XCL1 6.7* �1.6 12.2* �4.2 5.0* �1.4 3.6* �1.3
CXCR3 4.9* �1.2 7.1* �2.2 2.7 �1.1 5.1* �1.6
CXCR3-A 4.3* �1.0 6.0* �2.3 3.3* �1.2 3.6* �1.3
CXCR3-B 8.0* �1.5 9.3* �2.8 9.0* �2.7 6.0* �1.8
CXCR3-alt 3.2* �0.7 4.4* �1.8 2.8* �0.9 2.4* �0.8
CXCL5 3.9* �1.0 4.8* �1.5 10.2* �5.2 1.0 �0.2
CXCR6 2.6* �0.6 2.7* �1.0 3.1* �1.2 1.8 �0.5

Downregulation in
mRNA expression

XCR1 1.0 �0.2 0.7 �0.1 2.0 �0.6 0.9 �0.4
CXCL16 0.8 �0.1 0.7 �0.1 0.7 �0.2 1.0 �0.2
IL8 0.8 �0.3 1.9 �1.2 0.9 �0.6 0.1 �0.1
CXCL14 0.7 �0.2 1.1 �0.4 1.3 �0.3 0.2 �0.1
IL8R� 0.7 �0.1 0.6 �0.1 1.1 �0.3 0.6 �0.2
CXCR4 0.6* �0.1 0.6 �0.1 0.8 �0.1 0.3* �0.1
CXCL4 0.5 �0.1 0.4* �0.1 0.4 �0.2 0.8 �0.1
CXCL12 0.4* �0.1 0.3* �0.1 0.6 �0.2 0.3* �0.1

*Significant differential expression with a P value �0.05 by Student t test.
†Fold change was evaluated using the 2���Ct equation.
‡The range of the fold change for each gene in BCCs relative to the nonlesional skin tissues was calculated by the formula �2SD, where SD is the

standard deviation of the ��Ct value.
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CXCR3/Ligands and K17 Are Expressed by
HaCaT Cells

Human immortalized HaCaT keratinocytes were exam-
ined by IHC analysis for K17, CXCR3, and its ligands. All
of the factors evaluated were positively identified in the
cells (Figure 5, A–F), though CXCL9 exhibited minimal
expression. The localization of K17 was cytoplasmic as
anticipated, though expression was variable from cell to
cell. Cells overlying other cells were more likely to express
K17 as compared with cells adherent to the glass substrate
(Figure 5E). The presence of K17 was distributed with less
coherence in the cultured HaCaT cells as compared with
BCC keratinocytes (Figures 5E and 3).

CXCL11 Enhances Proliferation of HaCaT Cells

Based on the observations of HaCaT cell expression of
K17, CXCR3, and ligands above, an in vitro functional
assay of CXCR3 ligand effect was performed with HaCaT
cell cultures. Because previous qPCR analysis revealed
that CXCL11 mRNA was expressed with greatest fold in-
crease in BCC tissues, and given CXCL9, 10, and 11 all act
through the same CXCR3 receptor,29–31 this study exam-
ined CXCL11-regulated HaCaT keratinocyte cell growth.

Growth rates of HaCaT cells incubated with 1 nmol/L, 5
nmol/L, 10 nmol/L, and 20 nmol/L of CXCL11 peptide for 24
and 48 hours were compared with that of nontreated cells.
The keratinocytes proliferated in response to all concentra-
tions of CXCL11 at both time points in a dose-dependent
manner (Figure 6). HaCaT cells proliferated at a signifi-
cantly faster rate as compared with controls (P � 0.05) at
a minimum concentration of 5 nmol/L after 24-hour incu-
bation. Significant difference in cell proliferation was ob-
served with 1 nmol/L CXCL11 exposure after 48 hours
(Figure 6). The 48-hour incubation yielded approximately
double the number of cells as compared with the 24-hour
time point (Figure 6).

Human BCC-Derived Cells Proliferated in
Culture Media Supplemented with CXCL11
Peptide

Single cell suspensions of human BCC-derived cells
were treated with 0 nmol/L, 5 nmol/L, 10 nmol/L, and 20

Figure 2. Serial immunohistochemistry of CXCL9, 10, 11, and CXCR3 in
nodular BCCs and nonlesional skin. Five frozen sections of BCC tumors and
normal skin tissues were analyzed for the protein expression patterns of
CXCL9 (A and B, respectively), CXCL10 (C and D, respectively), CXCL11 (E
and F, respectively), and CXCR3 (G and H, respectively). Positive labeling is
indicated in red; the frozen sections were counterstained with hematoxylin
(blue). Scale bar 	 80 �m (A–H).

Figure 3. Dual immunohistochemistry of K17 with CXCL9, 10, 11, and
CXCR3 in nodular BCCs. Five frozen BCC biopsies were studied for the
colocalization of K17 with CXCL9 (A, E), CXCL10 (B, F), CXCL11 (C, G), and
CXCR3 (D, H). K17 is shown as red, whereas CXCR3 and its ligands are
indicated as blue. Arrows indicate representative cells dual labeled with
K17� co-expression and CXCL10 (F), CXCL11 (G), or CXCR3 (H). Arrow-
heads indicate representative cells with CXCL9 (E), CXCL11 (G), or CXCR3
(H) labeling in the absence of K17 co-expression in the BCC tumor masses.
Scale bar 	 80 �m (A–D). Scale bar 	 55 �m (E–H).
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nmol/L CXCL11 peptide for 7, 14, and 21 days. When no
CXCL11 peptide was added to the culture media, cell
numbers did not increase (Figure 7). When BCC cells
were treated with 5 nmol/L CXCL11, the cell population
exhibited a low, statistically insignificant, cell growth rate
(Figure 7). With 10 nmol/L peptide treatment, increases in
cell numbers at day 7 and day 14 were statistically insig-
nificant, however on day 21 the cell growth rate was
statistically significantly higher than with other peptide
concentrations (Figure 7). Notably, the cell number was
reduced when the concentration of CXCL11 was in-
creased to 20 nmol/L, suggesting 10 nmol/L was the
optimal concentration for BCC cell proliferation.

K17 and CXCR3 Were Detected in BCC Cell
Cultures

To characterize the BCC-derived cell cultures, cells in-
cubated with 10 nmol/L CXCL11 were examined by dual
IHC labeling for K17 and CXCR3 at day 0, 7, 14, and 21.
The results revealed three different cell presentations;
K17�/CXCR3�, K17�/CXCR3�, or K17�/CXCR3� cells
(Figures 8, A–F, and 9). On day 0, the proportion of
K17�/CXCR3� cells (58.9%) was significantly higher
than the other two cell groups (Figure 9). On day 7, there
was no significant difference among the cell numbers of
the three marker groups. By day 14, K17�/CXCR3� cells
were more predominant (43.66%) in the cultures (Figures
8 and 9). On day 21, both K17�/CXCR3� and K17�/
CXCR3� cell groups were at significantly higher numbers
(65.47% and 33.09%, respectively) than the K17�/
CXCR3� group, which was reduced to 1.44% of cells in
the culture (Figures 8 and 9).

Figure 4. Quantitative analysis of immunohistochemistry label intensities for
CXCL10, 11, and CXCR3 in K17�BCC keratinocytes as compared with cells in
the stromal area. The mean immuno-labeling intensities of the chemokines
were evaluated using Scion Image software. The label intensities were de-
rived from image pixel values (gray scale 	 0 to 255) and are presented as
mean optical intensity. In each of the 5 BCC biopsies, 10 randomly selected
areas from each of the K17� BCC cell nests and the stromal regions were
measured and compared for each IHC label by Student t test. *P � 0.05.

Figure 5. Immunohistochemistry analysis of CXCL9, 10, 11, CXCR3, and
K17, in HaCaT cells. HaCaT cells were cultured on coverslips until 80%
confluency. Cell fixation and permeabilization were conducted, followed by
overnight incubation of primary antibodies against CXCL9 (A), CXCL10 (B),
CXCL11 (C), CXCR3 (D), and K17 (E). HaCaT cells were counterstained with
hematoxylin. The negative control was performed in parallel (F). Scale bar 	
45 �m (A–F).

Figure 6. Growth rates of HaCaT cells incubated with CXCL11 for 24 or 48
hours. The y axis represents the mean cell numbers (� SE) of three individual
experiments for each peptide concentration as shown on the x axis. Statistical
significance of cell number increased relative to untreated controls (0
nmol/L) was calculated by Student t test. *P � 0.05.

Figure 7. Human BCC-derived cell proliferation with or without CXCL11.
The y axis represents the cell growth rate, which was calculated by dividing
the cell number at the end of the treatment by the cell number seeded
initially. A value less than 1 indicates a reduction of the cell population,
whereas a value greater than 1 represents the number of times more than the
cell number started. The cell growth rates of all of the treatments were
compared among each other over 7, 14, and 21 days. Statistical significance
was evaluated by analysis of variance. *P � 0.05.
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Discussion

BCC Tumors Express CXCR3 and its Ligands

It has been shown that certain cytokines and chemokines,
commonly associated with immune system activation, are
involved in tumor cell growth and local immuno-suppres-
sion rather than exerting antitumor functions.32–34 As
CXCL9, 10, and 11 have been suggested to play important

roles in the development of other malignancies,29,32,34,47

we investigated the potential impact of chemokines, partic-
ularly the CXCR3 ligands, on the regulation of BCC etiopa-
thology. In the current study, qPCR of 18 chemokines and
their receptors in BCC tissues indicated significant in-
creases in mRNA levels for selected chemokines. CXCL11,
9, and 10 exhibited the greatest fold increase in expression
in BCCs, which led us to consider the possibility that these
CXC chemokines may play a significant role in BCC tumor-
igenesis. We also observed significant reduced expression
of CXCL12 and CXCR4 in BCCs. CXCL12–CXCR4 signaling
has been shown to enhance the metastasis of solid tumors
such as melanoma.48 The relative absence of CXCL12-
CXCR4 expression may be consistent with the low rate of
metastasis observed in BCCs.

CXCR3 and its Ligands are Coexpressed with
K17 by BCC Keratinocytes

CXC chemokines of the superfamily of cytokines are
characterized by four conserved cysteine residues.34,49

They bind to seven transmembrane, G-protein coupled
receptors, and exert signaling effects on a wide spectrum
of biological and physiological activities, including cell
proliferation and cell migration.50 Their involvement in
directing leukocyte migration has been extensively char-
acterized.49,51,52 CXCL9, 10, and 11 are presumed to
have antitumor functions attributable to their chemoat-
tractive properties on CXCR3� T cell migration into
inflammatory and/or neoplastic sites.29,30 However, re-
cent research has proposed that CXC chemokines and
their receptors, particularly CXCR3 and its ligands
CXCL9, 10, and 11, may participate in tumor progression
and metastasis.49,51 CXCR3 and its ligands have been
shown to enhance the progression of ovarian carcinoma
and multiple myeloma,29,32,51,53 and to facilitate the me-
tastasis of malignant melanoma.34,47,53,54 Also, on expo-
sure to inflammatory cytokines, leukocytes typically lose
their chemokine receptor expression.55,56 In the cases of
malignant melanoma and ovarian carcinoma, CXCR3 is
expressed at a much higher level in the tumor cells than
in the infiltrating immunocompetent cells.34,47,53 Conse-
quently, tumor cells may be relatively more receptive and
responsive to chemokines, whether expressed by tumors
or inflammatory cells.55

K17 is a marker of cell proliferation and follicular dif-
ferentiation, and localizes in the lower hair follicle outer
root sheath below the entry of the sebaceous duct.42,57,58

It has also previously been shown that K17 is expressed
in nodular, superficial, morpheiform, micronodular, fibro-
epithelial, and nodulocystic BCCs.42–46,59 In this study,
our IHC analysis reconfirmed that BCCs strongly ex-
pressed K17, consistent with K17 as a marker of keratin-
ocyte cell proliferation, and a specific marker of BCC
keratinocytes.

The dual IHC labeling indicated that CXCR3, CXCL10
and 11 proteins were represented at a high level in K17�

BCC cells but at a relatively low level in the stroma
infiltrating inflammatory cells. The distribution and ex-
pression intensity patterns of these chemokines suggest

Figure 8. Dual immunohistochemistry of K17 and CXCR3 in human BCC-
derived cells incubated with CXCL11. The BCC cells were cultured with 10
nmol/L CXCL11 peptide and subsequently analyzed for the co-expression of
K17 and CXCR3 at day 0 (A), 7 (B), 14 (C), and 21 (D–F). K17 labeling is
indicated in red, whereas CXCR3 labeling is shown in blue. Scale bar 	 50
�m (A–F).

Figure 9. The proportion of cells presenting as K17�/CXCR3�, K17�/
CXCR3�, K17�/CXCR3� in the BCC cell population after incubation with
CXCL11. Cells derived from human BCCs were cultured in the presence of 10
nmol/L CXCL11 and examined at day 0, 7, 14, and 21. The y axis represents
the percentage of the three cell groups in the cell population at each time
point. Statistical analysis was performed by analysis of variance. *P � 0.05.
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that the BCC keratinocytes may respond to CXCR3/li-
gand signaling more readily and efficiently than the stro-
mal infiltrating cells, and that the tumor keratinocytes may
synthesize and use these chemokines to direct autocrine
signaling effects for cell proliferation and migration. Thus,
in BCCs, CXCR3 and its ligands may be involved in tumor
promotion rather than anti-tumor functions as seen in
some other malignancies.

Human BCCs Significantly Expressed all
3 CXCR3 Subtypes

The functional roles of CXCL9, 10, and 11 may depend
on the subtype of CXCR3. There are at least 3 CXCR3
splice variants; CXCR3-A, CXCR3-B, and CXCR3-alt,
which may be expressed at different levels depending on
the observed cell type.60,61 CXCR3-A couples with G�i to
activate Erk1/2, p38/MAPK and PI3-kinase/Akt signaling
pathways,50,62 and subsequently induces intracellular
calcium influx, DNA synthesis, and cell proliferation (e.g.,
normal human bronchial epithelial cells, astrocytes, and
glioma cells).50,62–64 CXCR3-B couples with G�s to in-
duce adenylyl cyclase, and results in inhibition of endo-
thelial cell proliferation and migration61,65; this receptor
subtype does not induce chemotaxis.61,62 CXCR3-alt co-
expresses with CXCR3-A at a very low level (
5% of
CXCR3-A mRNA).50 It has been shown that all three
variants are expressed in colorectal carcinoma, breast
cancer, and multiple myeloma.61,66,67 Our qPCR results
indicated that all CXCR3 splice variants were significantly
upregulated in all of the BCC subtypes tested and that no
strong bias in expression to a particular receptor variant
was present. BCCs may use the signaling effects of these
CXCR3 subtypes in a similar fashion as in other cancers.

CXCR3 and its Ligands may Modulate Tumor
Growth

In this study, IHC revealed that CXCL9 proteins were
present in cells of the interstitial area and stroma, but
not in K17� keratinocytes. Further, while CXCL10 and
CXCL11 were present in K17� keratinocytes, expression
at a lower level was also distributed in cells surrounding
the tumor nests. The distribution patterns of these 3 che-
mokines suggest inflammatory cells in the tumor tissue
biopsies also express the CXCR3 ligands. It is possible
that, in addition to autocrine activity within BCC tumors,
chemokines produced by adjacent inflammatory cells
may have a further paracrine mode of action on BCC
keratinocytes.

CXCL11 Promotes Dose-Dependent HaCaT
Cell Proliferation

Previous studies have used the HaCaT cell line to inves-
tigate BCC tumor formation and immunoregulation.68,69

The cells are spontaneously immortalized keratinocytes
derived from human adult skin epithelium with UV-type
specific mutations on both alleles of p53.19,70,71 HaCaT

cells have been used extensively to study human skin
carcinogenesis through overexpression or suppression
of genes regulating cancer cell proliferation.19,72–77 In
this study, HaCaT cells exhibited similar expression pat-
terns of K17, CXCR3, and its ligands as observed in BCC
keratinocytes. Our data demonstrated that CXCL11 sig-
nificantly enhanced the proliferation rate of HaCaT
cells in vitro. Such findings, combined with the positive
IHC results for CXCR3 and its ligands in HaCaT cells,
suggests that both exogenous and endogenously pro-
duced CXCL11 can interact with CXCR3� HaCaT cells to
activate cell growth pathways. Previous literature has
suggested that the interaction of CXCL11 and CXCR3
can result in mitogenic effects and proliferation of human
bronchial epithelial cells and pericytes through the Erk
1/2 and MAPK pathways.50,78

Human BCC-Derived Cells Require CXCL11
Supplementation for Survival and Proliferation
in Vitro

To pursue the in vitro study of CXCR3-ligands in BCCs,
we derived a modified BCC cell culture protocol from
previous publications.79–81 We found that cells treated
with 10 nmol/L CXCL11 peptide showed increased cell
growth at all observed time points and achieved statisti-
cal significance on day 21. We observed that the primary
BCC cells required up to 14 days to adhere to the sub-
strate and begin forming colonies. Consequently, cell
proliferation was delayed until substrate adherence was
achieved. Notably, the BCC cells in the medium without
CXCL11 peptide underwent apoptosis, and the remain-
ing population number was progressively reduced as the
incubation time increased. This suggests CXCL11 was
needed for the survival of BCC cells, and that 10 nmol/L
was the optimal concentration of the peptide for cell
culture.

Because K17 is a marker of BCC,42–46,59 the cell
groups in BCC cell cultures expressing K17�/CXCR3�

and K17�/CXCR3� were BCC keratinocytes. K17�/
CXCR3� cells are likely infiltrating dendritic cells, lym-
phocytes, or stromal cells.82 The number of K17�/
CXCR3� cells progressively reduced in number with time
in culture such that by day 21, K17� cells (with or without
CXCR3 expression) accounted for �98% of the cells.
Ligands for CXCR3 may preferentially select for BCC
keratinocyte survival and proliferation over non-keratino-
cytes. Based on our IHC and qPCR results of CXCL10
and CXCL11 being highly upregulated in K17� BCC
cells, and the cell culture data here, it is possible that the
chemokines produced by BCC keratinocytes and stroma
infiltrating inflammatory cells may bind with CXCR3 ex-
pressed by BCC cells to induce tumor cell proliferating
signals. CXCR3 and its ligands may act as BCC tumor
promoters.

Conclusion

Taken together, CXCR3 and its ligands expressed by
BCC keratinocytes, and to a lesser extent by inflamma-
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tory cells, may enable autocrine or paracrine signaling to
induce BCC cell proliferation. Our results provide evi-
dence for CXCR3 and its ligands being a novel mecha-
nism for BCC growth and progression, and these chemo-
kines may serve as potential targets in developing drug
treatments against BCCs.
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